Introduction
Rubber compounds consist of an elastomer matrix and solid additives. The most important role of these additives is to act as fillers and vulcanization activators in the case of sulfur crosslinked elastomers. Elastomers are filled with small and hard particles to improve their mechanical properties, such as resistance to abrasion, elastic modulus, and hardness [1] . Reinforcing fillers added to an elastomer can provide a rubber product with a very high tensile strength or tear resistance [2] . The basic requirement to achieve the optimum reinforcement is a fine and homogeneous dispersion of filler particles in the elastomer matrix, which results in effective interactions and good adhesion at the elastomer/filler interface. Due to their unique physical and chemical properties, over the past few years polymer composites with nanofillers such as nanosilica, carbon black, layered silicates, and carbon nanotubes have been widely discussed [3, 4] . It has been proven that the degree of dispersion of nanofiller particles is crucial to achieve the ultimate required properties of nanocomposites [5] . Unfortunately, nanofillers exhibit a high tendency to agglomerate in the elastomer matrix because of their high surface energy [6, 7] . Therefore, it is technologically challenging to obtain a homogeneous dispersion of filler nanoparticles in elastomers.
Recently, ionic liquids (ILs) have been widely used to improve the degree of dispersion of nanoparticles in polymers, particularly in elastomers [8] [9] [10] . ILs are typically organic salts with the melting points below 100 °C [11] . Due to their unique properties such as thermal, chemical, and electrochemical stability, low vapor pressure, and high ionic conductivity, ILs have attracted much attention for applications in polymer science [11] [12] [13] , particularly toward developing conducting polymer composites. ILs have excellent ionic conductivity up to their decomposition temperature, which enables them to play an important role in electrolyte matrices. For example, N-ethylmethylimidazolium bis(trifluoromethanesulfonyl)imide (EMITFSI) was used for the preparation of flexible solid polymer electrolytes based on acrylonitrile-butadiene elastomers and poly(ethylene oxide) [14] . The formation of either cationic and anionic interpenetrating or semi-interpenetrating polymer networks caused a considerable increase in the tensile strength and elasticity of the polymer electrolyte. When swollen in EMITFSI, the composites exhibited good mechanical properties and elongation at break, and an ionic conductivity higher than 10 -4 S cm -1 at room temperature. Similar results were obtained for interpenetrating polymer networks containing alkylpyrrolidinium bis(trifluoromethanesulfonyl)imides [15] . Conductive NBR composites with an ionic conductivity of 2.54×10 -4 S cm -1 have also been prepared using 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide [16] . This ionic liquid was also used to produce conductive composites from poly(methyl methacrylate) containing in situ formed silica [17] . When increasing the IL content, the conductivity of the obtained hybrid ionogels increased, and a decrease in the Young's modulus was observed as a result of the plasticizing effect of ILs. Similar results were reported for N-ethylimidazolium bis(trifluoromethylsulfonyl)imide (EITFSI). Composites consisting of NBR and ionic liquid were prepared as elastic and thermally stable polymer electrolytes, and EITFSI showed good miscibility with NBR. The presence of lithium salts in NBR/EITFSI composites enhanced the ionic conductivity approximately 100 times to reach 1.0 × 10 -4 S cm -1 at 30 °C [18] .
Moreover, some ILs have been suggested to be used for solubilizing metal oxides [19] . This property could be useful in the improvement of dispersion degree of metal oxide particles in elastomers. 1-allyl-3-methylimidazolium chloride (AMICl) was applied to improve the dispersion of particles in carbon black-filled elastomers. Attractive interactions between the carbon black surface and AMICl, which result from the interaction of π-electrons of graphitic structures at the carbon black surface with the cations of ionic liquid, have been demonstrated. AMICl acted as plasticizer at the carbon black surface and accelerated the formation of the carbon black network in the elastomer matrix, supporting the depletion of polymer chains from the space between carbon black aggregates. Moreover, an increase in the conductivity of elastomer composites was observed [10] . ILs have also been reported to improve the dispersion of silica and clays [20, 21] . For example, 1-methylimidazolium sorbate was used as modifier for silica to increase the interfacial interactions between the filler and styrene-butadiene rubber (SBR). As a result, the mechanical performance of SBR/silica composites were effectively improved, and similar results were also achieved for 1-methylimidazolium methacrylate (MimMa). The ionic liquid was reactive toward SBR through the graft copolymerization onto elastomer chains during vulcanization. Hydrogen bonding between silica particles and the ionic unit of MimMa was shown to be present. As a result, the interactions between silica particles were weakened, and the filler networking of silica in SBR was effectively restrained. An improvement in the dispersion of silica and the mechanical properties of vulcanizates, particularly damping behavior and abrasion resistance, was observed [8] . Imidazolium salts have been demonstrated as excellent cationic treatments for layered silicates (clays). The best activity was achieved when one of the imidazolium alkyl groups of the IL was a C16 aliphatic chain [22] . This IL exhibited excellent compatibility with polymers, and due to its high thermal stability, it enabled high-temperature curing and melt processing. Trihexyltetradecylphosphonium tetrafluoroborate was used for cationic exchange on the surfaces of natural and synthetic nanoclays [21] . Significant enhancements in the thermal stability of nanoclays were achieved, up to 150 °C, compared with conventional quaternary ammonium-modified silicates. These IL-modified nanoclays have been melt blended with poly(ethylene terephthalate) (PET), and optically transparent nanocomposites with high levels of exfoliation have been produced, in which nanoclay platelets were uniformly dispersed in the PET matrix.
Polymer composites filled with carbon nanotubes (CNTs) are of particular interest for the development of conductive polymer nanocomposites or nanoelectronic devices [23, 24] . A major problem in this field is to ensure the homogeneous dispersion of carbon nanotubes in the polymer matrix due to the high ability of these tubes to agglomerate. One of the techniques to improve the dispersion of CNTs in polymers is their chemical modification through covalent or noncovalent attachments of CNT functional groups with the matrix [25] . To enhance the CNT/polymer interactions, ILs have been commonly used. For example, conducting polychloroprene rubber composites were developed using 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide and multi-walled carbon nanotubes (MWCNTs). The cation-π-interactions between the ionic liquid and tubes resulted in improved dispersion and the formation of a percolating MWCNT network that significantly increased the conductivity of the rubber composite. It was believed that the bundles of MWCNTs were uniformly distributed due to the strengthening of filler-rubber interactions, as well as the reduction in the intertubular interactions between the tubes. This was confirmed by the Payne effect in the composite, which is associated with the network formation of exfoliated carbon nanotubes in the rubber matrix. This secondary aggregate network of filler is broken down with the increase in the strain amplitude, and as a consequence, a decrease in the storage module was observed in the dynamic mechanical analysis. Moreover, the ILs acted as a plasticizer, affecting the storage module of the composite [9, 26] .
ILs have also been applied to ensure better compatibility and enhance the dispersibility of MWCNTs in a blend of solution-SBR and polybutadiene rubber [27] . The best activity was found for the ionic liquid with a double bond in the cation (AMICl). In this case, the best reinforcing effect of the MWCNTs toward the rubber blend was achieved. It was suggested that the double bond in the AMICl molecules was chemically linked with the diene rubber double bonds by sulfur bridges. Additionally, in the presence of AMICl, the nanotubes strongly adhered to the rubber phase and formed a special type of bound rubber aggregation. No agglomeration of the MWCNTs was observed, leading to a continuous percolation network that increased the electrical and mechanical performance of the composites. Moreover, dynamic behavior in the vicinity of the CNT surface was detected by observing an extra relaxation peak at a temperature of approximately 80 °C. It was hypothesized that AMICl, having a reactive double bond towards sulfur vulcanization, reacted with the other reactive sites of the diene rubber. In this way, relaxation of the bound rubber that was very close to the surface of the CNTs took place at higher temperatures. In general, the use of imidazolium ILs gives rise to new possibilities to develop CNT composites with commodity polymers such as polystyrene (PS). For example, 1-cetyl-2, 3-dimethylimidazolium tetrafluroborate was reported as an excellent compatibilizer for MWCNTs toward polystyrene [28] . This PS composite contained highly dispersed individual carbon nanotubes. However, the mixture of the MWCNTs and ionic liquid needed pretreatment at 185°C before it was added to the polymer; otherwise, the MWCNTs were hardly dispersed in the PS and formed large agglomerates. Evidence for π interactions between the nanotubes and the imidazolium cation of the ILs was also reported. Moreover, the 20 °C improvement in the thermal stability of the PS composites was also demonstrated, which was explained by the enhanced degree of dispersion of the carbon nanotubes in the polymer matrix and better interfacial bonding between them.
Regarding elastomer compounds, one of the most important solid additives is vulcanization activator. Zinc oxide is widely used as an activator of the vulcanization of unsaturated elastomers by sulfur. It increases the amount of bound sulfur and as a result improves the efficiency of the crosslinking system. Additionally, zinc oxide reduces the vulcanization time of rubber compounds and improves the processing and physical properties of vulcanizates. Despite the important role of zinc oxide in sulfur vulcanization, its concentration in rubber compounds must be restricted to at least below 2.5% because zinc oxide is classified as being toxic to aquatic life. The release of zinc from rubber products occurs during their manufacturing, use, and recycling or disposal in landfills. Therefore, over the past several years, human activity has caused a significant increase in the amount of zinc in the environment. Designed EU legislation regarding environmental protection requires a reduction in the use of zinc oxide and zinc-containing compounds in technology. For elastomer technology, the most important of these is the European Commission Directive 2003/105/EC, which dictates that rubber products containing more than 2.5% of zinc compounds are considered to be highly toxic to aquatic ecosystems. Thus, methods to reduce the amount of zinc oxide in elastomers have been widely studied. The possibilities of reducing the ZnO content by incorporating zinc with a higher chemical activity in the form of reactive zinc complexes has been reported [29] . The availability of zinc ions in a complex molecule is believed to be higher than that in ZnO crystals. It has been shown that the zinc oxide content in natural rubber or ethylene-propylene-diene elastomer compounds can be reduced to 2 phr without affecting their vulcanizate properties [30] . Further reduction requires the use of anti-reversion agents. Another demonstrated approach to reduce the amount of Zn 2+ ions in rubber compounds is the deposition of zinc ions on the surface of layered aluminosilicate, which also could serve as a filler [31] . However, the crosslink density of vulcanizates was significantly lower due to the low content of zinc ions in the crosslinking system and their limited availability for interaction. According to Nieuwenhuizen [32] , the ZnO surface acts as a catalytic reaction template by activating and joining reactants. Accelerator particles, sulfur, and fatty acids diffuse through the elastomer matrix and are adsorbed onto the ZnO surface, forming intermediate reactive complexes. Therefore, the contact between the ZnO particles and accelerators in the elastomer matrix should be maximized to enhance the efficiency of zinc oxide during vulcanization. This contact depends on the ZnO particle shape, size, and specific surface area. Therefore, to reduce the amount of ZnO in rubber compounds, we intend to apply nanosized zinc oxide. A reduction in the particle size results in an increase in the zinc oxide specific surface area, providing better contact between the zinc oxide, accelerators, and sulfur particles. However, the dispersion of zinc oxide particles in an elastomer is also very important for the activation of sulfur vulcanization. Unfortunately, zinc oxide exhibits a high tendency to agglomerate in the elastomer matrix because of its high surface energy [6, 33] . From a technological point of view, it is difficult to obtain a homogeneous dispersion of ZnO nanoparticles in elastomers. Because zinc oxide and vulcanization accelerators are insoluble in rubber, it is assumed that the crosslinking reactions occur in a two-phase system and are catalyzed by conventional phase transfer catalysts. ILs are thought to catalyze the interfacial reactions; therefore, they can be assumed to play the same role in the crosslinking process [11] . Traditionally, stearic acid is used to improve the dispersion of zinc oxide in the elastomer. A complex of zinc, an accelerator, and fatty acid is formed during the vulcanization and consists of a central zinc cation, two stearyl anions, and accelerator residues. This complex is strongly polar and also exhibits a tendency to agglomerate in the elastomer. The crosslinking efficiency depends on the mobility of zinc ions in the complex molecule and on the diffusion rate of the remaining components in the crosslinking system. Therefore, the application of ligands with higher degrees of solvation towards zinc cations than towards stearyl anions should improve the dispersion of the components of the crosslinking system in the elastomer matrix, which is a role that ILs could play [33] .
Designing ILs with special and functional structures is of crucial importance in exploring novel dispersing agents for nanosized zinc oxide and silica in elastomer composites. ILs can be fabricated with a high efficiency, and their structure can be easily tailored using various commercially available and cheap raw materials. Our preliminary studies have shown that an improvement in the dispersion of ZnO nanoparticles due to the ILs reduced the zinc ion content in vulcanizates, according to European Commission Directive 2003/105/EC. ILs also reduced the vulcanization time of the rubber compounds significantly and increased the crosslink density of the vulcanizates. Applying alkylimidazolium chlorides and tetraalkylammonium bromides allowed for the production of vulcanizates with the amount of zinc oxide, sulfur, and MBT reduced to 1.3 phr. These vulcanizates exhibit tensile strengths comparable to those without a dispersing agent [33] .
Therefore, in this work, we intended to apply long-chain alkylimidazolium salts of chlorides, bromides, tetrafluoroborates, and hexafluorophosphates to improve the dispersion degree of zinc oxide nanoparticles in the butadiene-styrene (SBR) and ethylene-propylene-diene elastomers (EPDM) and, as a result, increase its activity during crosslinking. Moreover, because of the catalytic activity of ILs during interfacial reactions, an increase in the crosslinking efficiency is expected. In these studies, ILs such as alkylimidazolium salts with decyl-, didecyl-, dodecyl-, octadecyl-, and hexadecyl-chains in the cation, together with nanosized zinc oxide, were used to develop elastomer composites with a reduced amount of vulcanization activator. Vulcanizates were filled with nanosized silica in order to improve their mechanical performance.
Experimental section

Materials
The butadiene-styrene elastomer (KER 1500) containing 22-25 wt % styrene was obtained from Synthos Dwory, Oswiecim (Poland). Its Mooney viscosity was (ML1+4 (100°C):46-54). It was vulcanized with sulfur (Siarkopol Tarnobrzeg, Poland) with microsized zinc oxide as the standard activator (ZnO, Aldrich, Germany). 2-mercaptobenzothiazole (MBT, Aldrich, Germany) and N-cyclohexyl-2-benzothiazolesulfenamide (CBS, Aldrich, Germany) were applied as accelerators.
Ionic Liquid Symbol
1-Decyl-3-methylimidazolium chloride DMICl 1-Decyl-3-methylimidazolium tetrafluoroborate DMIBF 4 1, 3-Didecyl-2-methylimidazolium chloride DIDMICl 1-Dodecyl-3-methylimidazolium chloride DODMICl 1-Dodecyl-3-methylimidazolium bromide DODMIBr 1-Dodecyl-3-methylimidazolium tetrafluoroborate DODMIBF 4 1-Dodecyl-3-methylimidazolium hexafluorophosphate DODMIPF 6 1-Hexadecyl-3-methylimidazolium chloride HDMICl 1-Hexadecyl-3-methylimidazolium tetrafluoroborate HDMIBF 4 1-Hexadecyl-3-methylimidazolium hexafluorophosphate HDMIPF 6 1-Methyl-3-octadecylimidazolium chloride MODICl 1-Methyl-3-octadecylimidazolium hexafluorophosphate MODIPF 6 Table 1 . Ionic liquids used in this study
The ethylene-propylene-diene elastomer (Buna 5450) containing 48-56 wt % ethylene and 3.7-4.9 wt % ethylidene norbornene was obtained from Lanxess (Germany). Its Mooney viscosity was (ML1+4 (125°C):41-51). It was vulcanized with sulfur (Siarkopol Tarnobrzeg, Poland) with microsized zinc oxide as the standard activator (ZnO, Aldrich, Germany). 2-mercaptobenzothiazole (MBT, Aldrich, Germany), tetramethylthiuram monosulfide (TMTM, Akrochem Corporation, USA) and zinc dibutyldithiocarbamate (ZDBC, Performance Additives, Malaysia) were applied as accelerators.
To reduce the amount of zinc ions in the rubber compounds, nanosized zinc oxide (nZnO, Nanostructured & Amorphous Materials, Inc., USA) was used as an alternative to microsized ZnO. Silica with a specific surface area of 380 m 2 /g (Aerosil 380, Evonic Industries, Germany) was used as a filler. The ionic liquids given in Table 1 were obtained from IoLiTec (Germany).
Preparation and characterization of rubber compounds
Rubber compounds with the formulations given in Table 2 were prepared using a laboratory two-roll mill. The samples were cured at 160 °C until they developed a 90% increase in torque, as measured by a rotational rotorless rheometer. The kinetics of rubber compound vulcanization was studied using a DSC1 (Mettler Toledo) analyzer by decreasing the temperature from 25 to-100 °C at a rate of 10 °C/min and then heating to 250 °C with the same heating rate.
The crosslink densities (ν T ) of the vulcanizates were determined by their equilibrium swelling in toluene, based on the Flory-Rehner equation [34] . The Huggins parameter of the SBR-solvent interaction (χ) was calculated from the equation 1
where V r is the volume fraction of elastomer in the swollen gel and for the EPDM-solvent interaction.
The tensile properties of the vulcanizates were measured according to the ISO-37 standard procedures using a ZWICK 1435 universal machine. 
SBR (phr) EPDM(phr)
Dynamic-mechanical analysis
Dynamic-mechanical measurements were carried out in tension mode using a DMA/ SDTA861 e analyzer (Mettler Toledo). Measurements of the dynamic moduli were performed over the temperature range of-80-100°C with a heating rate of 2°C/min, a frequency of 1 Hz, and a strain amplitude of 4 µm. The temperature of the elastomer glass transition was determined from the maximum of tan δ=f(T), where tan δ is the loss factor and T is the measurement temperature.
Scanning Electron Microscopy (SEM)
The degree of dispersion of crosslinking agents and filler nanoparticles in the elastomer matrix was estimated using scanning electron microscopy with a LEO 1530 SEM. The vulcanizates were broken down in liquid nitrogen and the surfaces of the vulcanizate fractures were examined. Prior to the measurements, the samples were coated with carbon.
Thermogravimetric analysis
The thermal stability of the vulcanizates was studied using a TGA/DSC1 (Mettler Toledo) analyzer. Samples were heated from 25 °C to 700 °C in an argon atmosphere (60 ml/min) with a heating rate of 10 °C/min. Decomposition temperatures at a weight loss of 2% (T 02 ), 5% (T 05 ), 50% (T 50 ), and the total weight loss during decomposition of the vulcanizates were determined.
Thermo-oxidative and UV aging
The thermo-oxidative degradation of the vulcanizates was performed at a temperature of 100°C for 240 h. The UV degradation of the vulcanizates was carried out for 120 h using a UV 2000 (Atlas) machine in two alternating segments: a day segment (irradiation 0.7 W/m 2 , temperature 60 °C, time 8 h) and a night segment (without UV radiation, temperature 50 °C, time 4 h).
To estimate the resistance of the samples to aging, their mechanical properties and crosslink densities after aging were determined and compared with the values obtained for the vulcanizates before the aging process. The aging factor (S) was calculated as the numerical change in the mechanical properties of the samples upon aging (Equation 3) [35] , where TS is the tensile strength of the vulcanizates and EB is the elongation at break:
after aging before aging S = TS EB TS EB (3) 3. Results and discussion
SBR composites containing ILs
Dispersion degree of activator and filler nanoparticles in the SBR
The degree of dispersion of zinc oxide nanoparticles in the elastomer matrix is very important to the activation of sulfur vulcanization. Homogeneous dispersion of ZnO nanoparticles provides better contact between the activator and other components of the crosslinking system and, as a consequence, enhances the efficiency of zinc oxide during vulcanization. SEM images were taken to estimate the dispersion degree of zinc oxide particles in the elastomer in the presence of ILs (Figures 1-6 ).
The zinc oxide nanoparticles ( Figure 1 ) are not homogeneously distributed in the SBR. They create microsized agglomerates with different shapes, consisting of nanosized primary particles. The high tendency of ZnO particles to agglomerate results from their high surface energy and ability for specific interactions [6] . The agglomeration of zinc oxide particles causes their surface area to decrease, followed by a decrease in the interface between the ZnO, accelerator, and sulfur particles. As a result, the efficiency of elastomer crosslinking decreases. In general, the ILs improved the dispersibility of ZnO and silica nanoparticles in the SBR, but to different degrees. Homogeneous dispersion of the nanoparticles was achieved for DMICl, DODMIBF 4 , and MODIPF 6 . These ILs seemed to be the best dispersing agents, which effectively prevented ZnO and filler nanoparticles from agglomeration. In the case of HDMICl-and MODICl-containing vulcanizates, some agglomerates of nanoparticles can be seen; however, they are of smaller size and better elastomer wettability than those observed for the vulcani-zates without IL. The different effect of ILs on the dispersibility of nanoparticles in the elastomer matrices could result from their different miscibilities with the elastomers during the preparation of rubber compounds. For example, HDMICl and MODICl exhibited poorer miscibility with SBR than other ILs and caused elastomer crumbling during the preparation of rubber compounds. 
Curing characteristics and the crosslink density of SBR vulcanizates
Because the ILs improved the degree of dispersion of the activator nanoparticles and are considered to catalyze the interface reactions, they should affect the vulcanization efficiency of SBR compounds. The influence of the ILs on the vulcanization process was estimated based on rheometer measurements. The cure characteristics of SBR compounds and crosslink densities of vulcanizates are given in Table 3 .
The nanosized zinc oxide used alternatively to microsized activator increased the crosslink density of the vulcanizates and, as a result, the torque increment during the vulcanization of the rubber compounds. It also decreased the vulcanization time of the SBR compounds by 10 minutes and reduced the scorch time by a factor of two. Applying ILs resulted in a considerably shorter vulcanization time compared with micro-or nano-ZnO systems. This confirms that ILs act as catalysts of interface crosslinking reactions. The influence of the anion present in the ILs on the vulcanization time was also observed: the shortest cure times were exhibited by rubber compounds containing alkylimidazolium tetrafluoroborates, whereas the longest t 90 values were observed for rubber compounds with alkylimidazolium bromide and chlorides. The length of the alkyl chains in the ILs did not significantly affect the torque increment of the rubber compounds during vulcanization. There was also no correlation between the length of the IL alkyl chains and the vulcanization time. However, the length of the alkyl chains in the imidazolium cation seemed to have an impact on the crosslink density. The highest crosslink densities were exhibited by the elastomer compounds with 1-hexadecyl-3-methylimidazolium salts. Having studied the effect of nanosized zinc oxide and ILs on the curing characteristics of SBR compounds, we then examined their influence on the temperature and energetic effects of vulcanization using DSC analysis. The results for SBR compounds are given in Table 4 .
The vulcanization of SBR is an exothermic process that takes place in a temperature range of 179-232 °C, with an energetic effect of 10 J/g. Nanosized zinc oxide had no significant influence on the temperature and heat of vulcanization compared with those of the SBR compounds containing microsized ZnO. However, it is worth noting that ILs decreased the vulcanization onset temperature by 30°C compared with rubber compounds with micro-or nanosized activator. This is important for technological reasons because application of these ILs allows the SBR elastomer to be cured at lower temperatures than the commonly used 160°C. The highest onset vulcanization temperatures were achieved for hexafluorophosphates, whereas the lowest were observed for alkylimidazolium chlorides. ILs decreased the energetic effect of vulcanization, particularly hexafluorophosphates. The influence of the cations was also observed: the energetic effect of vulcanization was the lowest for rubber compounds containing ILs with 1-hexadecyl-3-methylimidazolium and 1-methyl-3-octadecylimidazolium cations. 
ILs Vulcanization temperature range Energetic effect of vulcanization (°C ) (J/g)
Mechanical properties of SBR vulcanizates
The aim of applying the ILs was to achieve a homogeneous dispersion of the zinc oxide and silica nanoparticles in the elastomer and thereby improve the mechanical properties of the vulcanizates, such as the tensile strength. Agglomerates of zinc oxide particles may be responsible for local increases in the crosslink density of vulcanizates and the formation of densely crosslinked domains with low elasticity, which may initiate breaking of the sample under external stress. Filler nanoparticle agglomerates can also concentrate stress and contribute to a deterioration of the strength parameters of the vulcanizates.
The mechanical properties of the SBR vulcanizates were studied under static and dynamic conditions. The results of the tensile tests are presented in Table 5 . In addition to the mechanical properties under static conditions, the dynamic mechanical properties are also important for the technological application of rubber products. The influence of ILs on the loss factor (tan δ) was determined with DMA. The loss factor is a measure of the material ability to dampen vibration. A plot of tan δ as a function of temperature for the vulcanizates containing ILs is presented in Figure 7 , and the data are also shown in Table 6 . The presence of the glass transition of the SBR elastomer can be observed, with a maximum that represents the glass transition temperature T g . Table 6 . Glass transition temperature (T g ) and loss factor (tan δ) of SBR vulcanizates Applying nanosized ZnO had no influence on the glass transition temperature of SBR and the values of the loss factor. However, an increase in the T g of the vulcanizates was observed when using ILs, which was the result of the crosslink density increase. The densely crosslinked elastomer network that was formed during vulcanization restricted the mobility of the SBR chains. Regarding the loss factor, tetrafluoroborates increased the value of tan δ at T g but decreased the loss factor at room temperature and elevated temperatures. Other ILs slightly increased the values of the loss factor at the glass transition temperature but had no significant effect on tan δ at 25 °C and 100 °C. Considering the magnitude of the change in the value of loss factor, it can be concluded that the use of ILs had no significant effect on the ability of vulcanizates toward vibration damping. In addition, vulcanizates exhibited stable dynamic properties at the temperatures studied.
ILs TS (MPa) EB (%)
ILs T g (°C) tan δ at T g (-) tan δ at 25 °C (-) tan δ at 100 °C (-)
Thermal stability and aging resistance of SBR vulcanizates
Thermal stability is very important for the technological application of rubber products. Therefore, ILs used to improve the degree of dispersion of zinc oxide and silica in the elastomer should not deteriorate this property. The thermal stabilities of the vulcanizates were examined based on their decomposition temperature and the total weight loss of the sample determined by TGA analysis. The results are presented in Table 7 .
The thermal decomposition of SBR containing microsized zinc oxide began at 288 °C.
Replacing the standard activator with nanosized zinc oxide improved the thermal stability of SBR. The decomposition of the vulcanizate began at a temperature that was 15 °C higher than that of the reference vulcanizate. The use of ILs caused a further increase in the thermal stability of SBR, likely due to the homogeneous dispersion of the nanoparticles in the elastomer matrix. The highest T 02 temperature was achieved for vulcanizates with DMICl and DMIBF 4 , where filler and activator nanoparticles were the most uniformly distributed in the SBR. The network created by the filler nanoparticles may be a barrier for the transport of gases and volatile pyrolysis products, thus increasing the thermal stability of the composite. Additionally, ILs did not affect the temperatures at 5% and 50% weight loss. A 5% weight loss was achieved in the temperature range of 357-361 °C, and a 50% weight loss occurred at 441-442 °C. The total weight loss during decomposition was similar for all vulcanizates and was in the range of 74-77%. Table 7 . Decomposition temperatures at a weight loss of 2% (T 02 ), 5% (T 05 ), 50% (T 50 ), and total weight loss during the decomposition of SBR vulcanizates
ILs T 02 (°C) T 05 (°C) T 50 (°C) Total weight loss (%)
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One of the most important properties of rubber products is their aging resistance. Therefore, the effect of nanosized zinc oxide and ILs on vulcanizate resistance to UV and thermo-oxidative aging was examined through the change in their mechanical properties and crosslink density. In Figure 8 , the change in elongation at break upon aging is given for SBR vulcanizates. The aging process had a considerable impact on the elongation at break of vulcanizates, causing it to decrease by approximately 200% for UV aging and 300-400% for thermo-oxidative aging. These changes reflect the large increase in the crosslink density of the vulcanizates. Under the influence of aging factors such as UV radiation and elevated temperature, further crosslinking of the elastomer took place. In the case of vulcanizates containing ILs, the extent of further crosslinking of the elastomer was greatly reduced (Figure 9) . UV radiation caused a twofold increase in the crosslink density of the vulcanizates, while in the case of the thermo-oxidative aging, a threefold increase in the crosslink density was observed. Due to the considerable changes in the crosslink density of SBR vulcanizates, the aging process deteriorated their tensile strength. The smallest change in the tensile strength was achieved for the vulcanizate containing DODMIPF 6 and MODICl (Figure 10 ). To quantitatively estimate the change in the mechanical properties of vulcanizates due to aging, the aging factor S was calculated (Table 8 ). This factor is a measurement of the changes in the sample deformation energy caused by the aging process. Values of the S-factor that are closer to 1 indicate smaller changes in the mechanical properties of the vulcanizates from the aging process.
The aging factor (S) for vulcanizates without ILs is 0.39 (UV aging) and 0.35 (thermo-oxidative aging). Therefore, it can be concluded that the SBR vulcanizates are characterized by a susceptibility to degradation under prolonged exposure to elevated temperature or UV radiation. The application of ILs did not significantly improve the resistance of SBR to UV aging. The highest values of S UV were observed for the vulcanizates containing DODMICl and HDMICl, which were 0.57 and 0.51, respectively. These ILs provided the best protection for SBR against UV aging. No improvement in the SBR resistance to thermo-oxidative aging was observed. 
ILs S UV (-) S T (-)
EPDM composites containing ILs
Dispersion degree of activator and filler nanoparticles in the EPDM
Having established the effects of nanosized zinc oxide and ILs on the SBR properties, we then examined the EPDM vulcanizates. EPDM is widely applied to manufacture rubber products for the automotive industry (tires and damping elements) and the building industry (sealing profiles) due to its useful properties such as resistance to ozone and elevated temperature and elasticity at low temperatures. Therefore, it is reasonable to search for new substances to improve the degree of dispersion of zinc oxide and silica nanoparticles in EPDM elastomer.
As expected, zinc oxide and filler nanoparticles were not homogeneously distributed in the EPDM elastomer matrix, and poor dispersion was observed. They created microsized agglomerates with complex structures, as shown in Figure 11 . The size of the agglomerates was several micrometers, whereas the primary particles were below 300 nm in size. Moreover, the agglomerates displayed poor adhesion to the elastomer. We found that ILs prevented the nanoparticles from agglomeration, with the most effective being alkylimidazolium chlorides and bromides, which allowed for a homogeneous distribution of nanoparticles in the EPDM elastomer ( Figures 12, 13, 15 ). In the case of tetrafluoroborates, some agglomerates are observed in the SEM images. However, they are smaller in size and exhibit better adhesion to the elastomer than for the vulcanizate without ILs (Figures 14, 16 ). Therefore, it can be concluded that the efficiency of ILs as dispersing agents in EPDM depends mainly on the anion type and not the length of alkyl chains in the imidazolium cation. 
Curing characteristics and the crosslink density of EPDM vulcanizates
Rheometric measurements were performed to study the effect of nanosized zinc oxide and ILs on the torque increment during vulcanization, which corresponds to the crosslinking degree of the elastomer. The vulcanization times and scorch times were also determined ( Table 9 ).
Replacing 5 phr of microsized zinc oxide with 2 phr of zinc oxide nanoparticles increased the torque increment during vulcanization and therefore the crosslink density of vulcanizates, despite the reduction in the amount of zinc oxide in the rubber compound. As discussed, this reduction is important for ecological reasons. There was no considerable effect on the vulcanization time or scorch time observed. ILs caused a further increase in the crosslink densities of the vulcanizate and, as a consequence, the torque increment during vulcanization. It should be noticed that the highest crosslink densities were achieved for vulcanizates containing alkylimidazolium bromide and chlorides, which provided a homogeneous dispersion of zinc oxide nanoparticles in the elastomer. As a result, the interface between the activator particles and other components of the crosslinking system increased, improving the efficiency of the vulcanization process. Regarding the cation type of IL, the lowest crosslink densities were observed for vulcanizates containing 1-methyl-3-octadecylimidazolium cation. ILs, especially those with decyl-, didecyl-, and dodecyl-chains, reduced the vulcanization time of rubber compounds. A small reduction in the scorch times was also observed, but it was not of technological significance. Table 9 . Curing characteristics and crosslink densities of EPDM vulcanizates (ΔG-increment of torque in the rubber compound during vulcanization; t 90 -optimal vulcanization time; t p -scorch time, ν T -crosslink density of vulcanizates)
Using DSC, we determined the vulcanization temperature range and the energetic effect of vulcanization for the rubber compounds (Table 10) . The vulcanization of EPDM is an exothermic process that takes place in the temperature range of 133-193°C, with an energetic effect of 10.3 J/g for microsized ZnO. Nanosized activator had no significant influence on the temperature and heat of vulcanization compared with the microsized ZnO. The catalytic effect of ILs on the interface crosslinking reactions is also apparent in the case of EPDM. ILs decreased the vulcanization onset temperature by 20-30°C and the energetic effect of vulcanization compared with rubber compounds without alkylimidazolium salts. Exeptions are ILs with 1-methyl-3-octadecylimidazolium cation, which did not influence the vulcanization temperature. However, they considerably decreased the energetic effect of vulcanization and therefore the vulcanization efficiency. It should be mentioned that in the case of these ILs, the smallest crosslink densities of EPDM vulcanizates were also achieved.
Mechanical properties of EPDM vulcanizates
Having established the effect of alkylimidazolium salts on the degree of dispersion of zinc oxide and silica nanoparticles in the elastomer and on the crosslink density of vulcanizates, we then examined the mechanical properties of EPDM vulcanizates (Table 11) .
Applying nanosized zinc oxide alternatively to the corresponding microsized activator decreased the tensile strength of the vulcanizate. This was likely due to the agglomeration of nanoparticles in the EPDM. Agglomerates with poor wettability with the elastomer can concentrate stress during deformation, resulting in the destruction of the sample. The increase in the tensile strength of vulcanizates containing ILs is closely related to the improvement of the degree of dispersion of the nanoparticles in the EPDM and to the increase in the crosslink density of the vulcanizates. The more uniform the dispersion of nanoparticles is in the elastomer, which results in a higher the crosslink density of the vulcanizates, the higher their tensile strength. In general, ILs increased the elongation at break of vulcanizates due to the increase in their elasticity. The influence of ILs on the dynamic mechanical properties was determined with DMA. The loss factor as a function of temperature for the EPDM vulcanizates containing ILs is presented in Table 12 . Measurements were performed for vulcanizates containing alkylimidazolium chlorides.
The determined glass transition temperatures for the vulcanizates with microsized and nanosized ZnO were approximately-45.4 o C and-44.0 o C, respectively, whereas the T g value was slightly higher for the vulcanizates with ILs. This was likely due to the higher crosslink densities of the vulcanizates containing ILs. Nanosized zinc oxide and ILs did not considerably affect the values of the loss factor (tan δ). Therefore, it can be concluded that vulcanizates with ILs exhibit damping properties comparable to the reference sample containing microsized ZnO. Table 13 . Decomposition temperatures at a weight loss of 2% (T 02 ), 5% (T 05 ), 50% (T 50 ), and total weight loss during the decomposition of EPDM vulcanizates EPDM, as previously mentioned, is widely applied in the manufacturing of rubber products for the automotive and building industries. Such rubber products are exposed to external factors such as increased temperature and UV radiation. Therefore, ILs applied as dispersing agents should not deteriorate these properties. The resistance of EPDM vulcanizates to thermooxidative and UV aging was studied based on the changes in the tensile parameters and crosslink densities of the vulcanizates. Thermo-oxidative and UV aging caused the crosslink densities of the vulcanizates to increase considerably ( Figure 17 ). It is shown that prolonged exposure to elevated temperatures and UV radiation resulted in the further crosslinking of the EPDM, similar to the case of SBR. However, the increase in the crosslink density was smaller in the case of the vulcanizates containing nanosized ZnO with DMICl, DODMICl, HDMICl, and MODICl. UV aging deteriorated the tensile strength of the vulcanizates with ILs, as the vulcanizates with nanosized ZnO (Figure 18 ). The highest decrease in TS was achieved for vulcanizates containing alkylimidazolium chlorides, whereas the smallest changes in TS were observed for tetrafluoroborates. Thermo-oxidative aging had less impact on the tensile strength of EPDM vulcanizates in comparison with UV radiation, and only small changes in the TS values were observed.
The aging factor was calculated to quantitatively estimate the change in the mechanical properties of the vulcanizates (Table 14) . EPDM vulcanizates are highly susceptible to UV degradation. The S UV values are very low (approximately 0.11). Small improvements in the S UV values were achieved for vulcanizates containing alkylimidazolium tetrafluoroborates. EPDM vulcanizates exhibited higher resistance to thermo-oxidative aging, for which ILs increased the S T values. The most active in preventing the degradation of vulcanizates upon thermo-oxidative aging were also alkylimidazolium tetrafluoroborates. 
ILs S UV (-) S T (-)
Conclusions
Alkylimidazolium salts considerably improved the degree of dispersion of zinc oxide and filler (silica) nanoparticles in SBR and EPDM, of which the most active seemed to be alkylimidazolium chlorides and bromide. In the IL-containing vulcanizates, nanoparticles of zinc oxide and silica were homogeneously distributed in the elastomer matrix. It can be concluded that ILs decreased the intermolecular interactions between nanoparticles and reduced their tendency for agglomeration in the elastomer.
Applying nanosized zinc oxide allowed for a reduction in the amount of ZnO by 60% in the comparison with commonly used microsized ZnO. Nanosized zinc oxide used with ILs resulted in the shortening of the optimal vulcanization time and decreased the onset vulcanization temperature by 20-30°C, which is very important from a technological and economical point of view. An increase in the crosslink density of vulcanizates was also achieved. Despite the reduced amount of zinc oxide, SBR and EPDM composites containing ILs exhibited tensile strengths higher or comparable to the standard vulcanizates crosslinked with the microsized activator. The positive effect of ILs on the vulcanization kinetics and crosslink densities of the vulcanizates results from the improvement in the degree of dispersion of ZnO nanoparticles in the elastomer. This leads to better contact between the vulcanization activator particles and other components of the crosslinking system. Of equal importance is the catalytic action of ILs in the interfacial crosslinking reactions.
Alkylimidazolium salts considerably increased the thermal stability of the vulcanizates, while ILs did not significantly increase the resistance of SBR and EPDM to UV aging. Regarding the resistance of the vulcanizates to thermo-oxidative aging, some improvement was achieved for EPDM, especially for vulcanizates containing alkylimidazolium tetrafluoroborates.
